The near-field propagation behavior of terahertz (THz) pulses generated by a planar large-aperture photoconducting THz transmitter has been characterized. A simulation model based on Huygens -Fresnel diffraction theory has been developed that permits accurate prediction of the spatiotemporal profiles of the THz beam everywhere and gives excellent agreement with experimental measurements. Two key conclusions emerge from this research, namely, the realization that for practical laboratory setups one is always working in the near-field regime and that the proper temporal shape of the THz field at the antenna is one that rises rapidly but decays slowly.
With the recent advances in terahertz (THz) spectroscopy there is a need to characterize accurately the propagation, diffraction, and evolution of THz pulses as they pass through several optical elements such as mirrors and lenses. Of particular interest is the case of the large-aperture planar transmitter that is used in nonlinear THz spectroscopy experiments. 1, 2 In such experiments the high-energy THz beam is focused onto a target sample to yield a high electric-f ield amplitude. Because of the large size of the antenna and the relatively long wavelength of the radiation it is expected that the focal region will not have a simple and uniform spatiotemporal profile, because near-f ield propagation effects will be significant. A precise knowledge of this spatiotemporal prof ile of the THz beam at the sample is crucial for proper calibration of the electricfield strength, which is ultimately linked to a proper interpretation of the experimental results.
Here we report the diffraction and propagation behaviors of THz pulses from a large-aperture planar photoconducting antenna. The antenna is a GaAs wafer with a 3-cm gap electrode on its surface, biased at high voltages and illuminated by 800-nm, 150-fs, 500-mJ pulses from a Ti:sapphire regenerative amplifier running at a 1-kHz repetition rate. 3 The temporal shape of the THz pulse is detected with a phasesensitive electro-optic detection system 4 with a 1-mmthick (110)-oriented ZnTe crystal as the electro-optic medium.
To predict the propagation behavior of the THz beam we developed a simulation model. The antenna is modeled as a 3 cm 3 3 cm square aperture with a plane-wave THz beam illuminating from the back (Fig. 1) . The variation of the THz electric f ield in the x direction, defined as the direction perpendicular to the electrodes, is taken to be the same as the distribution of the applied bias f ield across the gap. An electro-optic measurement of this gap electric f ield on a (100) GaAs wafer by a 50-mm-diameter 1.06-mm wavelength probe laser beam indicates that the applied bias field is enhanced on the edges of both electrodes. This result is further confirmed by scanning a 5-mmdiameter pyroelectric detector at a distance of 1.3 cm behind the antenna. The resulting prof ile of the THz intensity also exhibits these enhancements near the edges. Further details of these measurements can be found in Ref. 3 . To complete the spatial variation of the THz f ield at the antenna, a constant prof ile is assumed in the y direction, parallel to the electrodes.
For a photoconducting THz transmitter the currentsurge model is widely accepted as the generation mechanism. In this model the free-carrier densitycreated by the laser pulse -is simply proportional to © 1998 Optical Society of America the time integral of the laser intensity, and it decays exponentially with a carrier recombination lifetime much longer than the duration of the laser pulse. Hence the carrier density rises rapidly and decays slowly in time.
Typical rise and decay times are 150 fs and 100 ps, respectively. The current density in the antenna gap is then also proportional to the carrier density, assuming a constant bias f ield. The radiated THz electric field, as a result of this current density surge, in the near-field region close to the antenna must be proportional to the current density. This is a relationship that can be deduced from Maxwell's equations and the retarded potential integral. Harris et al. discussed a similar relationship for the case of a broadband pulse at optical wavelengths. 5 Thus the temporal shape of the THz pulse at the antenna is assumed to be that which rises rapidly and decays slowly, much like the carrier density itself. This assumption turns out to be crucial in enabling the simulation to predict the experimental results correctly.
The THz field at any point beyond the aperture can then be calculated by use of the broadband HuygensFresnel diffraction integral
This integral is chosen because of its accuracy in the near f ield and its applicability to the most general form of a temporal pulse. The presence of a parabolic mirror 17 cm behind the antenna in the experimental setup is modeled as thin lens placed at the same distance. The lens plane has a limiting aperture of 6 cm 3 6 cm, divided into 1.5 mm 3 1.5 mm grid points. The calculation for the THz f ield beyond the lens then proceeds in two steps. The spatiotemporal prof ile of the THz pulse at the lens plane is computed first, and then the Huygens -Fresnel integral is recalculated, with an addition of a quadratic phase to account for the focusing effect of the lens. Figure 2 shows the shape of the THz pulse freely propagating to distances of 12.5 and 21.5 cm directly behind the antenna. The two features seen at time delays 15 and 20 ps from the onset of the main pulse in the experimental plot are identif ied as due to ref lections of the main pulse inside the GaAs wafer of the antenna and the ZnTe crystal, respectively. The most striking aspects of the results are the fact that the pulse is seen to be almost unipolar and several picoseconds long and to have structures before and after the peak. These features can be understood once it is realized that these propagation distances are in the near-f ield region. It must be noted that the measurements were not taken exactly at the beam axis; in fact it is quite difficult to find the location of the beam axis precisely. These features were detected 5 mm from the beam axis, in the x direction, a value obtained by matching simulation and experimental results. The long pulse duration and the features seen before and after the peak can be explained if one considers the different travel distances of radiation that originates from different parts of the antenna aperture to the observation point. This is strictly a near-field effect; in the far field this variation of the travel distances would be negligible. It is easy to see that Eq. (1) embodies this principle by the use of a retarded time ͑t 2 jr 01 j͞c͒. Further proof of the nearfield effect comes from the more familiar Fraunhofer criterion for the far-f ield region, namely, z . . pd 2 ͞l, where d is the antenna size (3 cm) and l is the wavelength of the radiation. When a conservative value of 3 mm is used for l, the far-f ield distance has to be much larger than 94 cm.
The pulse is also seen to decrease in pulse width and total energy as it travels farther away from the antenna. This is consistent with the fact that, as the pulse propagates away from the source, the lowerfrequency components diffract more strongly than the high-frequency components. The simulation shown in Fig. 2(b) exhibits very little drop in the peak THz f ield as the pulse propagates from 12.5 to 21.5 cm, whereas experimentally there is a 30% drop. The difference is probably due to a difference in the detector sensitivity between the two distances, as the detector setup has to be moved around and the probe beam alignment adjusted. Otherwise, the agreement between experiment and simulation is quite good.
The temporal prof iles of the THz pulse at the focal plane of a 11.43-cm focal-length parabolic mirror are shown in Fig. 3 , with x denoting the transverse distance from the focal point. The simulation model once again reproduces the experimental results accurately. A dramatic change in the pulse shape is observed across only a few millimeters from the focus. The pulse at the focus ͑x 0͒ is found to be almost unipolar, with a FWHM of 600 fs. The shape changes significantly but stays unipolar at several millimeters off the beam axis, and the pulse width broadens to as much as 4 ps. The slight asymmetry of the pulse shapes with respect to x 0.0 mm is probably due to beam aberration. The simulation results do not take into account such aberration. The geometry of the problem dictates that the spatiotemporal prof ile should be symmetric with respect to the beam axis. That is why Fig. 3(b) shows only plots of the pulse at the focus and the positive side in the x direction. A difference in the ratio of the field strength of the pulse at the focus over that at the sides between experimental and simulation results is due to the limited time resolution of the experiment; the probe beam in the electrooptic detector is ϳ150 fs long. The ringing observed after the main peak in the experimental plots is due to water absorption. 7 The shapes of the pulse at the locations off the beam axis can also be explained in terms of near-f ield propagation effects, i.e., a difference in travel distances of radiation coming from different parts of the antenna. It is also important to point out the significance of the enhanced THz intensity prof ile at the edges of the electrodes. According to the simulation model, without these enhancements the pulse shapes off the beam axis would be more rounded, without any of the sharp features shown in the experimental curves. The difference in the sharpness of these features between simulation and experiment can be attributed to the fact that the enhancement of the gap field distribution inserted into the simulation model is not so sharp as the actual field distribution, because of the finite size of the probe beam used in the electro-optic measurement of the bias field. Figure 4 shows the shape of the THz pulse at a distance z from the focus of the 11.43-cm focal-length parabolic mirror. As in the two previous cases, there is a good match between experimental and simulation results. The extra feature after the main pulse is due to a ref lection inside the GaAs antenna. The measured THz pulse was determined to be observed at an 8-mm offset distance from the beam axis. Once again, the evolution of the pulse shape as it propagates away from the focal plane can be explained in terms of the difference in travel distances of radiation coming from different parts of the antenna coupled with the fact that, for this broadband pulse, higher-frequency components focus more tightly and hence diverge faster after the focus.
In conclusion, spatiotemporal prof iles of THz pulses from a large-aperture antenna have been fully characterized in the near-f ield regime. The results were found to be in good agreement with a diffraction calculation based on the Huygens-Fresnel integral. This simulation model will enable one to predict the evolution of THz pulses through some other configuration of optical elements. A near-f ield propagation behavior has to be expected when one is working with a THz beam from a large-aperture antenna, at least within the confines of a typical experimental setup on an optical bench. The mostly unipolar nature of the detected pulse reveals that the radiated THz f ield close to the source has the temporal characteristics of a rapid rise followed by a much slower decay.
